Huntington's disease (HD) results from polyglutamine expansion in huntingtin (htt), a protein with several consensus caspase cleavage sites. Despite the identification of htt fragments in the brain, it has not been shown conclusively that htt is cleaved by caspases in vivo. Furthermore, no study has addressed when htt cleavage occurs with respect to the onset of neurodegeneration. Using antibodies that detect only caspase-cleaved htt, we demonstrate that htt is cleaved in vivo specifically at the caspase consensus site at amino acid 552. We detect caspase-cleaved htt in control human brain as well as in HD brains with early grade neuropathology, including one homozygote. Cleaved htt is also seen in wild-type and HD transgenic mouse brains before the onset of neurodegeneration. These results suggest that caspase cleavage of htt may be a normal physiological event. However, in HD, cleavage of mutant htt would release N-terminal fragments with the potential for increased toxicity and accumulation caused by the presence of the expanded polyglutamine tract. Furthermore, htt fragments were detected most abundantly in cortical projection neurons, suggesting that accumulation of expanded htt fragments in these neurons may lead to corticostriatal dysfunction as an early event in the pathogenesis of HD.
Huntington's disease (HD) results from polyglutamine expansion in huntingtin (htt), a protein with several consensus caspase cleavage sites. Despite the identification of htt fragments in the brain, it has not been shown conclusively that htt is cleaved by caspases in vivo. Furthermore, no study has addressed when htt cleavage occurs with respect to the onset of neurodegeneration. Using antibodies that detect only caspase-cleaved htt, we demonstrate that htt is cleaved in vivo specifically at the caspase consensus site at amino acid 552. We detect caspase-cleaved htt in control human brain as well as in HD brains with early grade neuropathology, including one homozygote. Cleaved htt is also seen in wild-type and HD transgenic mouse brains before the onset of neurodegeneration. These results suggest that caspase cleavage of htt may be a normal physiological event. However, in HD, cleavage of mutant htt would release N-terminal fragments with the potential for increased toxicity and accumulation caused by the presence of the expanded polyglutamine tract. Furthermore, htt fragments were detected most abundantly in cortical projection neurons, suggesting that accumulation of expanded htt fragments in these neurons may lead to corticostriatal dysfunction as an early event in the pathogenesis of HD.
Key words: Huntington's disease; huntingtin; caspase cleavage; in vivo; corticostriatal pathway; neurodegeneration N terminus of huntingtin (htt) (Hayden, 1981; Huntington's Disease Collaborative Research Group, 1993) . Htt was the first neuronal protein shown to be a caspase substrate (Goldberg et al., 1996; Wellington et al., 1998 Wellington et al., , 2000 , with defined sites for caspase-3 at amino acids 513 and 552, for caspase-2 at amino acid 552, and for caspase-6 at amino acid 586 (Wellington et al., , 2000 . Additionally, there are two caspase-3 consensus sites at amino acids 530 and 589 that appear to be silent (Wellington et al., 2000) . We previously proposed the toxic fragment hypothesis, suggesting that caspase-mediated cleavage of expanded htt would generate toxic N-terminal fragments that induce neuronal death (Cooper et al., 1998; Hackam et al., 1998; Martindale et al., 1998; Saudou et al., 1998) . We have shown that the toxicity of caspaseresistant expanded htt is markedly reduced in transfected cells (Wellington et al., 2000) . Furthermore, full-length, wild-type htt has been shown recently to be neuroprotective in a variety of in vitro and in vivo models (Rigamonti et al., 2000; Leavitt et al., 2001; Zuccato et al., 2001 ). These observations suggest that inhibition of htt proteolysis would both reduce the load of toxic N-terminal fragments and maintain the neuroprotective function of intact htt.
Despite numerous in vitro and in vivo studies that support a correlation between htt length and toxicity, little is known about the proteolytic processing of htt in vivo. Several studies have identified htt fragments in control and HD brains (DiFiglia et al., 1995; Kim et al., 2001; Mende-Mueller et al., 2001 ), but several important questions remain unaddressed. For example, the identity of the proteases responsible for cleaving htt in vivo has not been demonstrated conclusively, in part because the site of htt cleavage has not been determined precisely in any in vivo study to date. Indeed, there is controversy in the literature about whether expanded htt is even susceptible to cleavage in vivo compared with htt with a normal polyglutamine tract (Dyer and McMurray, 2001) . Furthermore, whether cleavage of htt is an early or late event in HD pathogenesis has not been specifically addressed. Finally, the cellular populations that may be particularly enriched in cleaved htt are not known.
To unequivocally detect caspase cleavage products of htt, we have developed novel antibodies specifically designed to detect N-terminal htt fragments generated by caspase cleavage at amino acid 513 or 552. Here, we provide direct evidence for caspasemediated cleavage of htt. In early grade HD postmortem tissue as well as in young transgenic mice expressing expanded human htt, both normal and expanded htt are cleaved at amino acid 552 before the onset of gross striatal atrophy. Cleaved htt was also observed in control brain, suggesting that caspase cleavage of htt may be part of its normal regulated catabolism. The observation of htt cleavage most abundantly in cortical projection neurons suggests that disruption of the corticostriatal pathway may be an early event in the pathogenesis of HD.
MATERIALS AND METHODS
Human and murine tissues. Human H D and control brain postmortem tissues were obtained from the C anadian Brain Tissue Bank (Toronto, C anada) and the Harvard Brain Tissue Resource C enter (C ambridge, M A). Tissue from a presymptomatic patient was obtained from Emory University as described previously . All human tissues were obtained after ethical review. Yeast artificial chromosome (YAC) transgenic animals expressing human htt with 72 (CAG) repeats (Hodgson et al., 1999) were used as a source of murine tissues according to the University of British Columbia animal protocol A00-0254. Line 2511 contains one to two copies of the YAC and has been described previously (Hodgson et al., 1999) . Line 44 was generated by independent microinjection and contains two to four copies of the YAC transgene.
Determination of CAG repeat number f rom brain tissue. The number of CAG repeats in htt from patient brain was determined by nonradioactive PCR using standards of known CAG size as described previously (Andrew et al., 1993; Bruland et al., 1999) .
Antibodies. Antibodies specific for the C -terminal ends of htt caspase cleavage products ending at amino acid 513 or 552 were prepared using the immunizing peptides K L H-CHTL QADSV D and K L H-C SDPAMDL N D, respectively. Antibodies were affinity purified as described previously (Gervais et al., 1999) . The polyclonal N-terminal htt antibody BK P1 has been described previously (Kalchman et al., 1997) . In addition to polyclonal BK P1, we have also generated a monoclonal version of BK P1 that recognizes the N-terminal 17 aa of htt. Polyclonal and monoclonal BK P1 were used interchangeably. Monoclonal antibodies specific for glyceraldehyde phosphate dehydrogenase (GAPDH) and expanded polyglutamine tracts (1C2) were purchased from Chemicon (Temecula, CA). EM48, an antibody that recognizes htt aggregates, has been described previously Li et al, 1999) .
Cell culture and transfection. Human embryonic kidney (H EK) 293T cells were cultured and transfected by calcium phosphate as described previously, using the htt constructs pRcC M V-3949-15 and pRcC M V-3949-128 (Wellington et al., 2000) . The constructs pRcC M V-3949-15-514X and pRcC M V-3949-128-514X were generated by inserting a translation terminal codon at amino acid 514. Apoptosis in cultured cells was induced by the addition of 35 M tamoxifen as described previously Ellerby et al., 1999) .
Western blotting. Murine and human tissues were homogenized in a buffer containing 0.25 M sucrose, 20 mM Tris HC l, pH 7.2, 1 mM MgC l 2 , 0.5 mM EDTA, complete protease inhibitor (Roche, Indianapolis, I N), and, unless otherwise indicated, 5-10 M N-benzyloxycarbonyl-val-alaasp-fluoromethyl ketone (zVAD-fmk). Lysates were sonicated for 10 sec and cleared of debris by centrifugation for 10 min at 9000 rpm at 4°C. To cleave htt in murine or human homogenates, 20 g of protein prepared without zVAD-fmk was incubated in cleavage buffer alone [50 mM HEPES/ KOH, pH 7.0, 10% (w/v) sucrose, 2 mM EDTA, 0.1% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 5 mM DTT] or cleavage buffer with 2 nM purified recombinant caspase-3 for 60 min at 37°C as described previously . As a control, replicate samples were pretreated with 50 nM acetyl-aspartyl-glutamyl-valyl-aspart-1-aldehyde (DEVD-CHO) for 15 min at 25°C before the addition of caspase-3. After the addition of 5ϫ SDS loading buffer, heat-denatured samples were electrophoresed through 7.5% SDS-PAGE gels and transferred to a polyvinylidene difluoride membrane. Blots were probed with BKP1, Htt513, Htt552, or 1C2 overnight in 5% skim milk in PBS. After several washes in PBS with 0.5% Tween 20 (PBST), HRP-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies were added for 1 hr at room temperature. After extensive washes in PBST, blots were developed using enhanced chemiluminescence (Amersham Biosciences, Arlington Heights, IL) according to recommended protocols.
Immunofluorescence. H EK 293T cells were processed for immunofluorescence exactly as described previously and stained with Htt513 and Htt552 as primary antibodies (1:5000) and goat anti-rabbit Alexa 594-conjugated secondary antibody (Molecular Probes, Eugene, OR; 1:800). Nuclei were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI), and images were captured and processed using a CCD camera and Northern Eclipse software (Empix Imaging, Mississauga, Ontario, C anada) as described previously .
T wo-month-old wild-type and YAC transgenic mice (line 44, 72 CAG repeats) were killed by intraperitoneal injection of 0.8 ml of 2.5% avertin for immunohistochemical analysis of huntingtin cleavage in brain slices. The brains were snap frozen in optimal cutting temperature compound at Ϫ80°C, and 30 m coronal sections were prepared on a cryostat. The sections were fixed with acetone for 10 min at room temperature and permeabilized with 0.1% Triton X-100. Sections were incubated in either Htt512 (1:500) or Htt552 (1:1000) in PBS for 48 hr at 4°C, washed in PBS, and incubated with goat anti-rabbit C Y3-conjugated 2°antibody (1:200; Chemicon) for 2 hr at room temperature. Sections were then double labeled with neuronal-specific nuclear protein (NeuN) (1:50; Chemicon) in block (4% goat serum, 5% bovine serum albumin, and 0.1% T ween 20 in PBS) for 24 hr at 4°C, washed in PBS, and incubated in goat antimouse Alexa 488 (1:500; Molecular Probes) secondary antibody at room temperature for 2 hr. Omission of the primary antibodies was used as a negative control for immunohistochemical procedures. For a positive control, quinolinic acid was injected into the striatum to induce huntingtin cleavage. For this procedure, mice were anesthetized with inhaled isofluorine and placed in a stereotaxic apparatus, and a small craniotomy was performed at the injection site. Using a microinjector (World Precision Instruments, Sarasota, FL) and glass-pulled pipettes, 800 nl of 8 nmol of quinolinic acid (Sigma, St. L ouis, MO) in PBS were slowly injected (10 nl /min) into the striatum (rostral 0.3 mm and lateral 2.3 mm to bregma, 4 mm deep). Five minutes after injection, the glass pipette was slowly withdrawn, and the scalp was closed with surgical sutures. The animal was given postoperative care in a heated chamber before returning to its home cage. The positive controls were killed and sectioned as described previously.
Immunohistochemistr y. Immunocytochemistry on frozen brain tissue sections (50 m) from one juvenile (grade 4) and two adult (presymptomatic and grade 4) H D cases and three normal individuals was performed as described previously . To reduce nonspecific antibody binding, sections were incubated in 3% hydrogen peroxide and then PBS containing 4% normal goat serum (NGS) and 10 g /ml avidin for 30 min followed by PBS rinses. Sections were then incubated in 2% NGS in PBS containing Htt552 and 50 g /ml biotin for 20 hr, rinsed in PBS, and incubated for 12 hr at 4°C in biotinylated goat anti-rabbit secondary antibody (Jackson ImmunoResearch, West Grove, PA) in PBS containing 2% NGS. Sections were rinsed, incubated in avidin -biotin complex (ABC Elite; Vector Laboratories, Burlingame, CA) for 2 hr at 4°C, rinsed, and incubated in 0.05% DAB (Sigma) and 0.01% hydrogen peroxide in 50 mM Tris buffer for 5-15 min. Sections were rinsed, mounted on glass slides, counterstained with thionin, dehydrated, and coverslipped for light microscopic examination using a Leica (Nussloch, Germany) DMRE.
Toluidine blue staining. Semithin sections (1.5 m) were cut from striatum of 3-and 6-month-old YAC44 and wild-type littermate control mice. Sections were cut with a Leica Ultracut S ultramicrotome, counterstained with toluidine blue, differentiated in 95% alcohol, and coverslipped. Degeneration was quantified as described previously (Hodgson et al., 1999) .
RESULTS

Validation of htt cleavage-specific antibodies in vitro and in vivo
To determine the specificity of Htt513 and Htt552 in tissues expressing endogenous htt, homogenates prepared from wildtype murine brain were either untreated or cleaved ex vivo by the addition of recombinant caspase-3. As a control, ex vivo caspase-3 cleavage was inhibited by preincubation of the homogenate with DEVD-CHO. Western blot analysis using the N-terminal antibody BKP1 identified both intact and cleaved htt ( Fig. 1 A, left panel ). Reprobing these blots demonstrates that Htt513 and Htt552 detect only the specific htt cleavage products ending at amino acid 513 or 552, respectively, with no detection of intact htt ( Fig. 1 A, center and right panels).
To demonstrate the ability of Htt513 and Htt552 to detect cleaved htt in its native conformation, HEK 293T cells were transfected with htt constructs with 15 or 138 glutamines ending at amino acid 1212 or 513, and apoptosis was induced by the addition of 35 M tamoxifen (Wellington et al., 2000) . Immunofluorescence was detected only after apoptotic induction or for Htt513, when the transfected construct was specifically engineered to end at amino acid 513 (Fig. 1 B) . These data confirm that both Htt513 and Htt552 specifically detect htt ending at amino acid 513 or 552, that neither antibody detects uncleaved htt, and that both antibodies recognize cleaved normal or expanded htt both by Western blot and by immunocytochemical methods. In vitro, Htt552 was able to detect cytoplasmic aggregates of cleaved expanded htt (Fig. 1 B) .
Htt is cleaved at amino acid 552 in HD brains with early grade neuropathology
Having demonstrated the specificity of the Htt513 and Htt552 antibodies, postmortem samples were analyzed from patients with HD and age-matched controls (Table 1) . In each case, the neuropathological severity was noted either using the Vonsattel grade (Vonsattel et al., 1985) or by the detailed neuropathogical report (Table 1) . Determination of the CAG sizes in these samples revealed that one of the patients was homozygous for the CAG expansion (HDB171), having 39 repeats on each allele (Fig.  2) . We also verified three heterozygous patients (HDB65, HDB173, and HDB174) with expansions of 41, 41, and 44 CAGs, respectively, and confirmed normal CAG sizes in four control brains (COB58, COB3, COB55, and COB56) (Fig. 2) .
Homogenates were prepared from the frontal cortex from two patients with no gross striatal atrophy (HDB65 and HDB171), two patients with marked striatal atrophy (HDB173 and HDB174), and three controls of similar ages. Lysates were prepared in the presence of Ն5 M zVAD-fmk to inhibit ex vivo caspase activation. Western blot analysis using BKP1 showed the presence of several htt cleavage fragments in both HD and control samples, including the presence of fragments that migrated at the expected size range for caspase cleavage products (Fig. 3A, left panel ) . In HD patients, these caspase-generated fragments clearly showed a mobility shift induced by the expanded mutant allele compared with control brains. Importantly, lysates prepared from the patient homozygous for CAG expansion (HDB171) yielded a single band at the expected size for caspase-cleaved expanded htt (Fig. 3A) . These fragments from both HD and control cortex are generated by cleavage of htt at amino acid 552, as demonstrated by immunoreactivity with Htt552 (Fig. 3A, center panel ) . However, no immunoreactivity with the 90 -95 kDa fragments was observed when these filters were reprobed with 1C2, an antibody reported to recognize expanded polyglutamine tracts (Trottier et al., 1995) (Fig. 3A , right panel ). Under our conditions, 1C2 detected predominately full-length expanded htt in human brain homogenates.
To test whether 1C2 can detect expanded htt cleavage fragments within brain homogenates, we prepared human or murine lysate in the absence of zVAD-fmk and then treated these samples with caspase-3 to generate maximal amounts of htt cleavage products. Under these conditions, 1C2 did not detect htt cleavage products in human lysates, although they were clearly detected by BKP1 and Htt552 (Fig. 3B) . In contrast, 1C2 detected htt cleavage products in the context of murine brain. Whole brains from YAC transgenic mice expressing low levels (0.5ϫ endogenous) of human htt with 72 CAG repeats (Hodgson et al., 1999) were processed under identical conditions as human postmortem tissue, treated ex vivo with caspase-3, and probed with BKP1, Htt552, and 1C2. Htt fragments containing the polyglutamine expansion were clearly detected by 1C2, Htt552, and BKP1 (Fig. 3C) . The lower level of mutant htt fragments detected by BKP1 reflects expression levels of the transgene and not decreased efficiency of cleavage of expanded htt, as detailed below. These findings suggest that detection of caspase cleavage products of expanded human htt may be possible with 1C2 in murine but not in human brain.
Western blot analysis showed that cleavage of htt in human caudate was present at low levels compared with frontal cortex in both control and HD brain (data not shown). In addition, no htt products were detected with Htt513 in frontal cortex, caudate, control, or HD brain (data not shown), suggesting that amino acid 552 is the preferred site of htt cleavage in vivo.
Caspase-cleaved htt is abundant in cortical projection neurons
To identify the specific cellular populations that contained Htt552-immunoreactive species, immunohistochemistry was performed on postmortem tissues from a 32-year-old presymptomatic individual with the HD gene mutation who died in an accident , the grade I patient HDB171, and controls. The presymptomatic patient had CAG sizes of 48 and 20 (Table 1) and persons with 48 CAGs have a mean age of clinical onset of ϳ35 years (Brinkman et al., 1997) . Neuropathological analysis of this patient showed evidence of grade I/II neuropathology (data not shown), whereas a neurologic examination 6 weeks antemortem was completely normal.
Distinct cytoplasmic staining of many pyramidal neurons was noted in the frontal cortex of control and HD brains, with more intense labeling of HD neurons by Htt552 using immunohistochemical techniques (Fig. 4) . The omission of primary antibody resulted in no detectable staining (Fig. 4 B) . Nearly all Htt552 staining was cytoplasmic, suggesting that the majority of htt cleavage occurs in the cytoplasm. High-power imaging of Htt552-immunoreactive neurons in the grade I homozygote HDB171 revealed that staining was often punctate and associated with neurites ( Fig. 4C-H ) , although no costaining with EM48, an antibody that detects htt aggregates , was observed (data not shown). Frontal cortex from the 32-year-old presymptomatic patient (HDB Emory) contained Htt552-immunoreactive neurons in cortical layers II, III, V, and VI, with staining in layers II/III being less intense than in layers V/VI (Fig. 4 , compare I with J ). Striatal neurons from this presymptomatic patient also stained weakly with Htt552 (Fig.  4 K) , which may reflect the lower level of htt expression in striatal compared with cortical neurons (Fusco et al., 1999) . These results confirmed that the htt cleavage product detected by Htt552 on Western blots primarily originated from cleavage of htt in cortical pyramidal neurons, at least some of which (layers III and V) project to the striatum. Additionally, detection of Htt552-positive neurons in the homozygote HDB171 confirms that expanded htt is indeed cleaved by caspases.
Similar to the Western blot results, the Htt513 antibody failed to detect specific cleavage products in any early grade HD or control brain examined (data not shown).
Caspase cleavage of htt precedes neurodegeneration in the YAC animal model of HD
Because brain tissue is not readily available for human HD patients before the onset of neurodegeneration, we examined the YAC transgenic animal model of HD (Hodgson et al., 1999) to specifically address when htt cleavage is first detectable relative to the onset of neurodegeneration. We examined tissue prepared from YAC72 mice expressing high levels (2 to 4ϫ endogenous) of human htt at various time intervals by toluidine blue staining, Western blot, and immunohistochemistry. In these mice, degenerative changes in the striatum first become evident at ϳ6 months of age based on toluidine blue staining of striatal neurons (Fig.  5A ). Although not a measure of neuronal loss, toluidine blue staining reflects highly dysfunctional neurons and represents a minimal estimate of neurodegeneration (Gallyas et al., 1993; Ribak and Baram, 1996; Kawamura et al., 1997; Toth et al., 1998) . Cortical tissue from 2-, 4-, 6-, and 11-month-old YAC72 mice and wild-type littermate controls was then homogenized and blotted under conditions identical to those for processing of human samples. Immunoblotting with the N-terminal htt antibody BKP1 demonstrated the presence of intact htt and several smaller molecular weight species in both YAC72 and wild-type tissues at all ages examined (Fig. 5B, left panel ) . Of note, specific caspase cleavage products are visible: a 100 kDa product observed only in YAC72 homogenates (cleaved mutant), suggesting that it is derived specifically from expanded htt, and a 70 kDa product present in both YAC72 and control tissue (cleaved wild-type) (Fig. 5B, left panel ) . The observation that endogenous htt is cleaved at early ages in both wild-type and transgenic mice suggests that cleavage of htt is a normal event. We also observed one additional product with an apparent mobility of ϳ140 kDa that is present only in YAC72 homogenates, suggesting that it is also derived from expanded htt. There is no quantitative difference in htt expression at different ages when protein loading is normalized to GAPDH, and the relatively higher level of expanded cleavage products reflects the high level of transgene expression.
Immunoblotting with Htt552 confirmed that the 100 and 70 kDa products represent expanded and normal human htt cleaved by caspases at amino acid 552 (Fig. 5B, center panel ) . Interestingly, minor lower-molecular-weight species were also detected on murine blots using the Htt552 antibody that appear to be derived from additional proteolysis of the caspase cleavage products of normal and expanded htt (Fig. 5B, center panel ) . Immunoblotting with Htt513 failed to detect any cleavage product (data not shown), suggesting that the preferred site of cleavage in murine as well as human tissues is amino acid 552.
Finally, immunoblotting with 1C2 permitted the detection of intact htt as well as the 100 kDa product, confirming that the 100 kDa band represents cleavage of expanded htt (Fig. 5B, right  panel ) . Overlaying the three blots also showed that 1C2 detected the 140 kDa species detected by BKP1 but not Htt552, suggesting that additional proteases may also cleave expanded htt in vivo (Fig. 5B) .
Fluorescent immunocytochemical staining of YAC72 and control brains confirmed that Htt552-positive neurons were present in the cortex at 2 months of age (Fig. 6 A) , which is before the onset of detectable behavioral or neuropathological changes in these mice. Double staining with the neuronal marker NeuN confirmed that the Htt552 immunoreactivity was neuronal in origin. Htt552 staining in the YAC transgenic mice paralleled observations in the human samples. For example, murine Ht552 staining was punctate and largely cytoplasmic, similar to the staining pattern observed in human postmortem tissue. Compared with cortex, very few Htt552-positive neurons were identified in the striatum of either wild-type or YAC72 mice at 2 months of age (Fig. 6 B) , which may reflect the lower level of htt expression in the striatum compared with the cortex (Fusco et al., 1999) . In addition, no Htt513-immunoreactive neurons were identified in YAC72 or control mice (data not shown).
Mutant and wild-type htt are cleaved with equal efficiency in brain lysates
Detection of caspase cleavage fragments from both mutant and wild-type htt suggests that caspases may cleave htt as part of its normal catabolism. To test for differences in susceptibility of cleavage between normal and expanded htt in brain tissue, we treated whole-brain homogenates prepared from YAC72 mice with high transgene expression with caspase-3 to control internally for all variables except for polyglutamine size (Fig. 7A) . Quantitation of cleavage over time showed that cleaved mutant and wild-type htt fragments accumulated at equivalent rates, as indicated by similar slopes in cleavage over time (Fig. 7B) . These results show that mutant and wild-type htt are equally susceptible to caspase cleavage in brain lysates.
DISCUSSION
In this study, we demonstrate caspase cleavage of htt in vivo using novel antibodies that specifically detect the C-terminal ends of caspase-cleaved htt. Htt cleavage was demonstrated in a patient homozygous for 39 CAG repeats using both immunohistochemistry and Western blotting, showing that caspase cleavage of htt clearly occurs in the presence of the polyglutamine expansion. In human postmortem patients, htt cleavage was particularly abundant in the cerebral cortex of patients with low-grade neuropathology in which striatal atrophy was still in its early stages (Vonsattel et al., 1985) . Additionally, we demonstrate that htt cleavage precedes the onset of neurodegeneration in the YAC animal model of HD by the detection of cleaved expanded htt in YAC72 transgenic mice as early as 2 months of age. The demonstration of cleaved htt in HD brain with early neuropathology is consistent with the toxic fragment hypothesis, which suggests that the liberation of N-terminal htt fragments containing the expanded polyglutamine tract actively contributes to the pathogenesis of HD. Although htt cleavage products have been found in postmortem HD patients (Kim et al., 2001; Mende-Mueller et al., 2001 ) and development of a rapid neurological phenotype is well established in mice expressing truncated htt (Mangiarini et al., 1996; Bates et al., 1998) , our study is the first to demonstrate that htt cleavage precedes the onset of the HD phenotype in vivo.
Cleavage of wild-type htt was also observed in control as well as HD brains, suggesting that caspase cleavage of htt may be a normal event. We detected no difference in the cleavage efficiency of expanded compared with wild-type htt, both during the natural history of the YAC transgenic model or after ex vivo treatment with caspase-3. This finding suggests that htt cleavage per se may not be solely a pathogenic event. Rather, the N-terminal cleavage fragments liberated in HD patients may lead to cellular dysfunction in HD through the toxic properties of the expanded polyglutamine tract within the truncated fragment. For example, it is possible that fragments generated from wild-type htt are efficiently cleared through the ubiquitin-proteasome pathway, whereas fragments containing an expanded polyglutamine tract accumulate and result in a number of downstream events that contribute to neuronal death. In addition, because full-length htt is neuroprotective, whereas truncated htt is toxic, cleavage of htt would presumably inactivate the neuroprotective function of intact normal htt. For htt with normal polyglutamine lengths, the protective role of intact htt is balanced with the proapoptotic role of the N-terminal fragment. However, expansion of the polyglutamine tract would be expected to disrupt this balance by the sustained presence of the toxic expanded cleavage product. In HD, loss of intact htt in addition to accumulation of htt fragments with an expanded polyglutamine may result in an overall shift toward a toxic state.
The vast majority of cleaved htt was detected in the cytoplasm, consistent with previous reports that cytoplasmic htt cleavage precedes nuclear uptake of N-terminal htt fragments (Hodgson et al., 1999; Li et al., 2000) . Htt552 detected cytoplasmic aggregates generated in cultured HEK 293T cells but did not detect EM48-positive nuclear inclusions in HD brain, suggesting that additional cleavage events may trim the caspase-generated htt fragment to a smaller size, which then accumulates in the nucleus.
Cleaved htt was particularly abundant in pyramidal cortical projection neurons in layers II, III, V, and VI, which may reflect the overall abundance of htt in these neurons (Fusco et al., 1999) . The presence of cleaved expanded htt in cortical layers III and V supports the hypothesis that cellular dysfunction of the corticostriatal pathway may contribute to the onset of HD. Interest in corticostriatal dysfunction has gained attention with the observation that expanded htt reduces expression of BDNF, which is made in cortical neurons and delivered to striatal neurons (Zuccato et al., 2001) . Inhibition of BDNF transcription by expanded htt may result in insufficient trophic support for striatal neurons, leaving the striatum vulnerable to a variety of stressors. Cleaved htt can enter the nucleus, interact with the transcriptional coactivator cAMP response element-binding protein (CREB)-binding protein (CBP), and interfere with CBP-mediated gene transcription (Nucifora et al., 2001) . Several genes, including BDNF, enkephalin, and c-jun, are regulated by CREB and/or CBP and are downregulated in HD tissue (Richfield et al., 1995; Luthi-Carter et al., 2000) . Cortical changes, including the appearance of dysmorphic neurites and alterations in striatal NMDA receptor function, have been shown recently to precede behavioral deficits and neurodegeneration in animal models of HD ( Levine et al., 1999; Laforet et al., 2001) . Primary striatal neurons cultured from YAC72 mice have an increased susceptibility to excitotoxic death (Zeron et al., 2002) , and mutant htt has been shown to enhance death of cells expressing NR1A/NR2B receptor subunits Zeron et al., 2001) , which are enriched in medium spiny striatal neurons. These results suggest that certain features of the pathogenesis of HD may originate in the cortex, and the resulting dysfunction of the corticostriatal pathway may enhance the selective vulnerability of medium spiny striatal neurons and ultimately lead to their degeneration. Although cleaved htt is known to be toxic in several in vitro and in vivo models that express htt exon 1 (Mangiarini et al., 1996) , until now it has not been possible to provide a molecular link between htt cleavage in particular neurons and toxicity. Our observations that cleaved htt exists in cortical neurons early in pathogenesis suggest that cortical dysfunction mediated through htt fragments may ultimately result in death of striatal neurons by several potential mechanisms.
Our analysis defines the preferred site of in vivo htt cleavage to be at amino acid 552, which is used in vitro by either caspase-3 or caspase-2 (Wellington et al., , 2000 . It is not yet possible to distinguish which caspase cleaves htt at amino acid 552 in vivo. Caspase-3 is a potent caspase with a high catalytic rate (GarciaCalvo et al., 1999) , is abundant in the developing and early postnatal brain (Shimohama et al., 1999) , and is essential for normal developmental neuronal apoptosis (Kuida et al., 1996) . In contrast, elimination of caspase-2 does not result in an overt neuronal phenotype during development (Bergeron et al., 1998 ), but the high basal level expression of caspase-2 in adult brain suggests that it may rather play a more prominent role in the adult CNS (Shimohama et al., 1999) . Furthermore, caspase-2 but not caspase-3 has been suggested to mediate neuronal cell death induced by ␤-amyloid (Troy et al., 2000) . Interestingly, caspase-2 but not caspase-3 coimmunoprecipitates with expanded fulllength htt from brain (L. Ellerby, unpublished observations). Additionally, coexpression of dominant-negative caspase-2 but not caspase-3 was found to protect transfected primary striatal neurons from the toxicity of expanded htt, and expression of caspase-2 is upregulated in HD postmortem brains compared with age-matched controls (Ellerby, unpublished observations) . Therefore, there are arguments in favor of either caspase-2 or -3 as playing a primary role in htt cleavage.
Although caspase activation is conventionally considered to be a late event in cell death from which cells do not recover, caspases can be active and cleave selected substrates without imminent cell death. Procaspase-3 has low-level catalytic activity and is capable of cleaving the same substrates as activated caspase-3 (Roy et al., 2001 ). In addition, activated caspase-3 has been identified in living hippocampal neurons, and inhibition of caspase activity interferes with the development of long-term spatial memory (Dash et al., 2000) . Caspase activation is also suggested to play a functional role in synaptic plasticity (Chan and Mattson, 1999) . It is possible that low levels of caspase activity that are normally present within neurons may generate sufficient htt cleavage products containing an expanded polyglutamine tract to initiate the pathogenesis of HD.
Recently, expanded htt was reported to be resistant to proteolysis in vivo (Dyer and McMurray, 2001 ), based primarily on the inability to detect cleavage products of expanded htt in human brain lysates with the 1C2 antibody. We show that htt cleavage fragments in HD patient brain homogenates can be detected on Western blots with BKP1 and Htt552 but not with 1C2. Furthermore, we have clear evidence of htt cleavage in a patient homozygous for 39 CAG repeats by immunohistochemistry as well as Western blot. Our results demonstrate that cleavage of expanded htt by caspases does indeed occur in vivo, a finding supported by two other reports (Kim et al., 2001; Mende-Mueller et al., 2001 ). Finally, we detected no difference in cleavage efficiency for normal compared with expanded htt when assayed in the same brain homogenate.
In this study, we demonstrate that caspase cleavage of both normal and expanded htt occurs in vivo. We define amino acid 552 as a preferred site of caspase cleavage in human HD, in YAC72 transgenic mice, and in control human and murine brain. Importantly, we have demonstrated caspase cleavage in a homozygote for HD, showing that cleavage is not restricted to the product of Figure 6 . Immunofluorescence of 2-month-old YAC72 (line 44) and wild-type (WT ) mice. A, In the cortex, Htt552 immunostaining (red) appears in a punctate pattern throughout the neuron, as confirmed by costaining with the neuronal marker NeuN ( green). B, Immunofluorescence of the striatum from YAC72 (line 44) and wild-type mice at 2 months of age. Htt552 immunostaining (red) appears in a punctate pattern throughout the neuron, as confirmed by costaining with the neuronal marker NeuN ( green). Htt552 staining was more abundant in the cortex than in the striatum. Scale bars, 2.5 m. Figure 7 . Kinetic analysis of htt cleavage in brain homogenates. A, YAC72 (high expressing) whole-brain homogenate prepared in the absence of zVAD-fmk was incubated for various times with a final concentration of 2 nM caspase-3, followed by immunodetection of cleavage fragments with BKP1. Over time, total intact htt (Intact) is converted to four major cleavage products, including mutant transgenic htt cleaved at amino acid 552 (Mut-552), mutant transgenic htt cleaved at amino acid 513 (Mut-513), wild-type endogenous htt cleaved at amino acid 552 (WT-552), and wild-type endogenous htt cleaved at amino acid 513 (WT-513). B, Quantitation of the percentage of reduction of intact total htt and percentage of accumulation of each of the htt cleavage products shows that mutant and wild-type cleavage products accumulate at equivalent rates. the normal allele. Cleaved htt is abundant in cortical projection neurons, suggesting that increased levels of N-terminal htt fragments with an expanded polyglutamine tract may mediate dysfunction of the corticostriatal pathway as an early event in HD. Corticostriatal dysfunction may lead to selective degeneration of the striatum through several mechanisms, including decreased trophic support and increased excitotoxicity. Finally, we show that cleavage fragments containing expanded htt are present in HD patient brains with early grade neuropathology and are present in YAC transgenic mice ϳ4 months before the onset of detectable neurodegeneration or aggregates. Our results suggest that caspase cleavage of htt may be upstream of many adverse events correlated with htt fragments, including aggregate formation, nuclear localization of htt, altered transcription, and neurodegeneration. The observation that caspase cleavage of expanded htt is an early event in HD suggests that caspase inhibitors may be effective potential therapeutic agents for the treatment of HD. To be effective for HD, it is clear that the dose, route of administration, duration, and frequency of treatment will require detailed optimization to minimize undesirable side-effects. However, early and optimized treatment of HD patients with caspase inhibitors may reduce the load of toxic N-terminal htt fragments with expanded polyglutamine tracts in cortical neurons, which may delay or prevent the onset or progression of HD through preservation of functional corticostriatal connections.
